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Constitutive exocytosis delivers newly synthe-
sized proteins, lipids, and other molecules
from the Golgi apparatus to the cell surface.
This process is mediated by vesicles, which
bud off the trans-Golgi network, move along
cytoskeletal filaments, and fuse with the plasma
membrane. Here, we show that the small
GTPase Rab6 marks exocytotic vesicles and,
together with the microtubule plus-end-
directed motor kinesin-1, stimulates their proc-
essive microtubule-based transport to the cell
periphery. Furthermore, Rab6 directs targeting
of secretory vesicles to plasma-membrane
sites enriched in the cortical protein ELKS,
a known Rab6 binding partner. Our data dem-
onstrate that although Rab6 is not essential
for secretion, it controls the organization of
exocytosis within the cellular space.
INTRODUCTION
Constitutive exocytosis transports newly synthesized
lipids and membrane proteins as well as components of
the extracellular matrix to the plasma membrane in all
eukaryotic cells. It is generally accepted that this process
is mediated by Golgi-derived vesicles, which move along
microtubules (MTs) or actin filaments and fuse with the
plasma membrane. In spite of the ubiquitous nature of
constitutive secretion and its essential role in the cellular
flow of membranes and proteins, relatively little is known
about the mechanisms that control the motility, docking,
and fusion of its carriers.
Rab GTPases are important regulatory factors of
vesicular traffic in the secretory and endocytic pathways
(Grosshans et al., 2006; Jordens et al., 2005). Members
of the Rab6 family, Rab6A, Rab6A’, and Rab6B, decorate
the Golgi apparatus and cytoplasmic vesicles and reg-
ulate protein transport between the Golgi, endoplasmicDevelopreticulum (ER), plasma membrane, and endosomes (Del
Nery et al., 2006; Girod et al., 1999; Jasmin et al., 1992;
Martinez et al., 1997; Martinez et al., 1994; Opdam et al.,
2000; Utskarpen et al., 2006; White et al., 1999; Young
et al., 2005). Rab6B is predominantly expressed in the
brain tissue (Opdam et al., 2000) and is absent from
HeLa cells that were the subject of this study. Rab6A
and Rab6A’ differ by only a few amino acids, and their
differential functions are not yet entirely clear (Del Nery
et al., 2006; Utskarpen et al., 2006; Young et al., 2005).
They are both expressed in HeLa cells; in this
manuscript, wewill collectively call themRab6when refer-
ring to the endogenous protein. Although a number of
studies demonstrated an important role for Rab6 in retro-
grade transport from endosomes to the Golgi and in
COPI-independent recycling of the Golgi enzymes to the
ER (Del Nery et al., 2006; Girod et al., 1999; White et al.,
1999; Young et al., 2005), the role of Rab6-decorated ves-
icles in these processes remained unclear. In HeLa cells,
the majority of GFP-Rab6A and GFP-Rab6A’-positive
vesicles exit from the Golgi and move along MTs to the
plus ends at the cell periphery where they disappear by
presumably fusing with their target (Del Nery et al., 2006;
White et al., 1999). It has been suggested that this target
is a specialized peripheral compartment of the ER and
that Rab6 vesicles represent carriers responsible for
Golgi-ER recycling (Sannerud et al., 2003; White et al.,
1999). However, a subsequent study demonstrated the
importance of minus-end-directed MT motors for the
Rab6-dependent Golgi-ER recycling and proposed that
this process occurs in close proximity to the Golgi appara-
tus (Young et al., 2005). Here, we investigated the function
of Rab6-positive vesicles moving to MT plus ends and
found that they represent carriers of constitutive secretion
and that Rab6 is important for regulating their movement
and fusion.
RESULTS AND DISCUSSION
Rab6 Vesicles Contain Exocytotic Markers
To analyze in detail the function and behavior of Rab6
vesicles, we have generated a HeLa cell line stablymental Cell 13, 305–314, August 2007 ª2007 Elsevier Inc. 305
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Rab6 Marks Exocytotic CarriersFigure 1. Rab6 Colocalizes with Markers
of Exocytosis in HeLa Cells
(A) Representative frame of a simultaneous
two-color movie of a HeLa cell expressing
VSVG-YFP and mStrawberry-Rab6A. Cells
were incubated overnight at 39.5C, 2 hr at
19C, and 10 min at 37C prior to imaging.
(B) Representative frame of a simultaneous
two-color movie of a HeLa cell expressing
GFP-Rab6A and NPY-mRFP. Cells were main-
tained at 37C during the whole experiment.
(C) Representative frame of a simultaneous
two-color movie of a HeLa cell expressing
GFP-Rab6A, incubated with Cy3-STB at 4C
for 30 min, and, after unbound STB was
washed away, incubated for 1 hr at 37C prior
to imaging. In (A)–(C), cell edges are shown by
a stippled line.
(D) Staining for endogenous Rab6 in HeLa cells
expressing the indicated exocytosis markers.
VSVG-YFP and NPY-Venus-expressing cells
were treated as described in (A) and (B),
respectively; BDNF-GFP-expressing cells
were incubated for 2 hr at 19C and for
10 min at 37C prior to fixation.
(E) Quantification of vesicle colocalization in
cells prepared as described in (D). Red and
green bars in each plot correspond to all
counted vesicles (Rab6 and cargo, respec-
tively), whereas yellow parts of each bar corre-
spond to double-labeled vesicles. Numbers of
counted vesicles are as follows: Rab6A/VSVG-
YFP: 2303 vesicles in 30 cells; Rab6A/BDNF-
GFP: 2583 vesicles in 25 cells; Rab6A/NPY-
Venus: 2717 vesicles in 35 cells. Error bars
indicate SD.Rab6A (Figures 1A and 1B; Movies S2 and S3).expressing GFP-Rab6A (Figure S1A in the Supplemental
Data available with this article online). In agreement with
the published data (Del Nery et al., 2006; White et al.,
1999), the majority of GFP-Rab6A-positive vesicles
emerged from the Golgi and moved to the cell periphery
where they disappeared (Movie S1; Figure S1). This
long-range movement strongly depended on intact
MTs and was not significantly affected by the actin-
depolymerizing drug latrunculin B (Figure S1B). We
noticed that in contrast to saltatory motion of many other
organelles in HeLa cells, both GFP-Rab6A vesicles and306 Developmental Cell 13, 305–314, August 2007 ª2007 Elseviexocytotic carriers labeled with the temperature-sensitive
vesicular stomatitis virus glycoprotein (VSVG)-YFP (a
membrane protein) or neuropeptide Y (NPY)-Venus (a
secreted protein) displayed persistent flow from the Golgi
complex to the cell periphery (for VSVG, this type of move-
ment was already described [Hirschberg et al., 1998]). A
similarity in motility patterns prompted us to investigate
the colocalization of these markers. Indeed, Golgi-derived
motile vesicles containing VSVG-YFP or NPY-mRFP
showed a significant overlap with fluorescently taggeder Inc.
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Rab6 Marks Exocytotic CarriersNot only GFP-Rab6A but also endogenous Rab6
displayed extensive colocalization with the two above-
mentioned markers of exocytosis as well as with another
secreted protein, BDNF-GFP (Figure 1D). In HeLa cells,
60%–70% of Rab6-positive vesicles contained exocy-
totic markers, and 35%–70% of the latter colocalized
with Rab6 vesicles (Figure 1E). Localization of endoge-
nous Rab6 to the vesicles bearing exocytotic markers
was also observed in other cell lines (Figure S2). Although
the optimal colocalization of VSVG-YFP and BDNF-GFP
with Rab6 required a preceding incubation at 19C, and
this incubation could be used to synchronize their trans-
port from the Golgi (Saraste and Kuismanen, 1984), such
treatment was not necessary for observing70% overlap
between Rab6 and NPY-Venus vesicles (Figures 1D and
1E), indicating that in steady-state conditions, a major
proportion of NPY-Venus exits from the Golgi in Rab6-
positive carriers.
Previous studies suggesting that Rab6-positive vesicles
fusewith the ERwere based on observing the trafficking of
Shiga toxin B (STB) subunit, which travels from the plasma
membrane to the Golgi through endosomes and subse-
quently moves from the Golgi to the ER (White et al.,
1999). We could readily reproduce this pattern of STB
trafficking (Figure S3A). At the stage when STB moves
from the Golgi to ER, we observed occasional colocaliza-
tion of Cy3-labeled STB with GFP-Rab6A in vesicle-like
structures (Figures S3B and S3C; Movies S4 and S5).
However, most of the colocalizing structures were immo-
tile, and the majority of GFP-Rab6A vesicles moving from
the Golgi to the cell margin were devoid of Cy3-STB
(Figure 1C; Movie S4). Because of the high background
labeling by Cy3-STB, it was difficult to estimate the exact
degree of colocalization between STB and Rab6 in fixed
cells. Therefore, we used live cells in which we photo-
bleached Cy3-STB signals in the lamella outside the Golgi
area. Because there was very little redistribution of the
Cy3-STB background labeling on the time scale of
minutes, we could reliably monitor the presence of even
very weak Cy3-STB signals in GFP-Rab6A-positive
vesicles exiting from the Golgi (Figure S3C). On the basis
of these experiments, 8% of Golgi-derived GFP-
Rab6A vesicles contained Cy3-STB (Figure S3D).
Existence of such double-positive vesicles is in line with
previous studies (White et al., 1999) and explains why
we previously observed Golgi-to-ER recycling cargo in
Rab6-vesicle accumulations induced by overexpression
of Bicaudal D2 (BICD2) C terminus (Matanis et al., 2002).
We cannot exclude that STB-positive Rab6 vesicles fuse
with a different compartment than the Rab6-vesicles
bearing exocytotic markers. Alternatively, the presence
of STB in a small proportion of Rab6 vesicles may reflect
its missorting into the secretory route.
Rab6 Vesicles Fuse with the Plasma Membrane
HeLa cells stably expressing NPY-Venus secrete a con-
siderable amount of this protein into culture medium
(Figure 2E), although no detectable ER labeling by NPY-
Venus can be discerned (Figures 1B and 1D; Figure S2).DevelopThese observations indicate that NPY/Rab6 double-
positive vesicles fuse with the plasma membrane and
not with the ER.
Exocytotic events at the ventral plasma membrane can
be visualized by total internal reflection fluorescence
microscopy (TIRFM): Because of the fact that the eva-
nescent wave displays an exponential decay, vesicles
approaching the coverslip and fusing with the membrane
display a sharp increase in their fluorescence intensity
(Schmoranzer et al. [2000] and Toomre et al. [2000] and
references therein). By using TIRFM, we could readily
visualize ‘‘bursts’’ of fluorescence preceding the disap-
pearance of vesicles labeled with all three exocytotic
markers and with GFP-Rab6A (Figures 2A–2C). Interest-
ingly, signal fading occurred more rapidly for secreted
proteins NPY-Venus and BDNF-GFP than for membrane-
bound VSVG-YFP or for GFP-Rab6A. In agreement with
this observation, simultaneous two-color TIRF imaging
of NPY-mRFP and GFP-Rab6A-positive vesicles showed
that during fusion, the disappearance of the NPY-mRFP
signal preceded the loss of the GFP-Rab6A marker (Fig-
ures 2D and 2F). After the NPY-mRFP signal vanished,
the GFP-Rab6A signal persisted and then gradually
spread out, possibly because of diffusion in the plasma
membrane (Figure 2F).
Next, we used fluorescence recovery after photo-
bleaching (FRAP) experiments to show that mStraw-
berry-Rab6A did not recover on individual NPY-Venus-
positive vesicles; this finding indicates that once the
vesicle exits the Golgi, no exchange of Rab6 takes place
until its fusion with the target site (Figures 2G and 2H).
We conclude that a significant proportion of exocytotic
carriers bear Rab6 GTPase when they exit the Golgi and
that they lose this marker only after fusing with the plasma
membrane.
Rab6 Is Required for Processive Movement
of Exocytotic Vesicles
To address the role of Rab6 in exocytotic vesicle trans-
port, we used previously published siRNAs to deplete
both Rab6A and Rab6A’ (Young et al., 2005). Three days
after siRNA transfection, we observed at least 90% deple-
tion of both Rab6 isoforms (Figure S4A). In agreement with
previously published data, such depletion did not block
exocytosis of NPY-Venus (Del Nery et al. [2006] Martinez
et al. [1994], and White et al. [1999]; data not shown).
The secretion of VSVG was delayed but not abolished
after Rab6 knockdown (Figure 3A). This effect could
reflect some abnormalities in ER-Golgi or intra-Golgi
transport because we did observe defects in Golgi
morphology similar to those described by others (Del
Nery et al. [2006] and Young et al. [2005]; data not shown).
After Rab6 depletion, NPY-Venus-containing vesicles
still exited the Golgi and fusedwith the plasmamembrane,
but the pattern of their motion was altered (Figure 3B;
Movie S6). Although the total number of NPY-positive
vesicles did not change significantly (Figure 3D), vesicle
motility was reduced: The number of displacements per
vesicle was diminished by a factor 2.5 (number ofmental Cell 13, 305–314, August 2007 ª2007 Elsevier Inc. 307
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Rab6 Marks Exocytotic CarriersFigure 2. The Behavior of Rab6 on Individual Exocytotic Vesicles
(A and B) Frames from TIRFM movies showing the behavior of single NPY-Venus and GFP-Rab6A vesicles immediately before and during fusion.
Time is indicated; 00 0 corresponds to the sharp increase of fluorescent signal.
(C) Average fluorescent intensity of a single VSVG-YFP, BDNF-GFP, NPY-Venus, and GFP-Rab6A vesicle (a circle with a radius 0.78 mm) plotted
versus time. Vesicle appearance in the focal plane is indicated by arrowheads. Arrows point to the peaks of fluorescence intensity, corresponding
to vesicle fusion with the plasma membrane.308 Developmental Cell 13, 305–314, August 2007 ª2007 Elsevier Inc.
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Rab6 Marks Exocytotic Carriersdisplacements longer than 1 mmwith a velocity exceeding
0.3 mm/s per 100 mm2 per 1 min per 10 vesicles was
17.24 ± 8.3 [mean ± SD] in control cells and 6.84 ± 3.22
in Rab6-depleted cells). The processivity of NPY-vesicle
movement to the cell periphery was reduced in Rab6-
depleted cells because of frequent interruptions by
pauses and short reversals (Figure 3C). The length of indi-
vidual tracks was significantly diminished, although the
velocity of vesicle movement was slightly increased
(Figure 3D). These data suggest that Rab6 regulates
recruitment or activity of MT-based motors on exocytotic
vesicles. Still, exocytotic vesicles exhibit bidirectional
motility also in the absence of Rab6, indicating that
alternative mechanisms for motor association with such
vesicles must exist.
Kinesin-1 and Cytoplasmic Dynein Participate
in Transport of Rab6 Vesicles
Becausemost of Rab6-vesicle movements are directed to
MT plus ends, they should be powered by a kinesin; the
exact nature of the motor involved is a subject of dispute
(Echard et al., 1998; Hill et al., 2000). Previous studies
identified Bicaudal D1/D2 (BICD1/2) proteins as linkers
between Rab6-bound membranes and cytoplasmic
dynein (Matanis et al., 2002; Short et al., 2002; Young
et al., 2005). We performed a mass-spectrometry-based
screen for BICD2 partners and identified the heavy chain
of kinesin-1 (KIF5B) as a potential interacting protein
(Table S1). The binding between kinesin-1 and BICD2
was much weaker than the previously identified associa-
tion of BICD2 with dynein-dynactin; this was reflected in
our inability to find significant coprecipitation of BICD1/2
and kinesin-1 (Hoogenraad et al. [2003]; data not shown).
However, by using yeast two-hybrid system, wewere able
to confirm the interaction between the middle part of
BICD2 and the tail of kinesin-1 (Figure S5A). This interac-
tion was further supported by reciprocal immunoprecipi-
tation of the middle part of BICD2 and the full-length kine-
sin-1 isoforms KIF5A and KIF5B from overexpressing
HEK293 cells (Figure S5B). This interaction was strongly
suppressed in the full-length BICD2, in agreement with
our previous data that BICD2 may selfinactivate by intra-
molecular interaction of its N- and C-termini (Hoogenraad
et al., 2001; Hoogenraad et al., 2003) (Figure S5B).
We used two different siRNAs to deplete kinesin-1
(KIF5B) by at least 90% (Figures S4A and S4B) and
found that such a treatment significantly affected the
processive motility of GFP-Rab6A or NPY-Venus-positive
vesicles because of frequent reversals in the direction of
movement (Figures 3B, 3C, and 3E; Movie S7; and dataDevelonot shown). However, MT plus-end-directed transport of
these vesicles was not abolished, and its velocity was
slightly increased (Figure 3E). The effects of Rab6 and
kinesin-1 knockdown on vesicle transport were not due
to defects in MT organization, which appeared normal
(Figure S4E). Taken together, our findings show that
Rab6 and kinesin-1 ensure processive MT plus-end-
directed motion of exocytotic carriers. The residual plus-
end-directed movement of Rab6 vesicles is most likely
to be powered by another kinesin because it was abol-
ished by nocodazole but was not significantly affected
by latrunculin B (Figures S6A and S6B).
Because previous studies provided strong indications
for association among Rab6, BICD1/2, and cytoplasmic
dynein (Matanis et al., 2002; Short et al., 2002; Young
et al., 2005), we also investigated dynein involvement in
Rab6-vesicle movement. Two different siRNAs caused
a 70% and 80% depletion of the cytoplasmic dynein
heavy chain (DHC) and a concomitant depletion of the
dynein intermediate chain (Figure S4C). In agreement
with previously published data, dynein depletion caused
Golgi dispersion (Harada et al., 1998) (Figure S4D). Still,
Rab6 vesicles were motile, and their velocity was slightly
increased (Figure S6E); it was difficult to compare their
motion patterns to those in control cells because the MT
network in dynein-depleted cells was substantially disor-
ganized (Figure S4E).
A striking feature of dynein knockdown cells was a
significant increase in the number of immotile Rab6 vesi-
cles: 80% depletion of DHC caused an almost 4-fold
reduction in the number of displacements per vesicle (Fig-
ures S6C andS6D). This suggests that cytoplasmic dynein
constitutes an important part of the Rab6-bound motor
complex, necessary for bidirectional vesicle movement.
The association of BICD1/2 with Rab6, kinesin-1, and
dynein-dynactin is likely to contribute tomotor recruitment
and regulation. Interestingly, in Drosophila, BicD acts in
mRNA transport processes that also involve both cyto-
plasmic dynein and kinesin-1 (Riechmann and Ephrussi,
2001).
Cortical Protein ELKS Is Involved in the Docking/
Fusion of Rab6 Vesicles
Next, we investigated whether Rab6 participates in the
selection of vesicle-fusion sites. Previous studies have
identified ELKS (also known as CAST2, Rab6IP2, or
ERC1 [Deguchi-Tawarada et al., 2004; Monier et al.,
2002; Nakata et al., 1999; Wang et al., 2002]) as a direct
binding partner of Rab6 and showed that it is present at
the cortical sites of regulated secretion in neurons and(D and F) Simultaneous two-color TIRFM imaging of a cell expressing NPY-mRFP and GFP-Rab6A. (F) shows time-lapse images of the enlarged area
of the cell boxed in (D). Time is indicated.
(E) Western blots with GFP antibodies of cell lysates (‘‘lys’’) and culture media (‘‘med’’) of HeLa cells stably expressing NPY-Venus and GFP-Rab6A.
(G) Frames from a two-color confocal movie of a single vesicle double labeled for NPY-Venus and mStrawberry-Rab6A. In the second shown frame,
the mStrawberry signal was bleached in a small part of the cell by five iterations of 561 nm diode laser (100% of power).
(H) Quantification of the FRAP data obtained as in (G). Mean integrated fluorescence intensity (normalized for the first value) of NPY-Venus and
mStrawberry-Rab6A on single vesicles. Measurements were performed in a circle with a radius 0.7 mm; five vesicles in five cells were measured. Error
bars indicate SD.pmental Cell 13, 305–314, August 2007 ª2007 Elsevier Inc. 309
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Rab6 Marks Exocytotic CarriersFigure 3. Effects of Rab6 and Kinesin-1 Depletion on Exocytosis and Vesicle Trafficking
(A) VSVG-YFP trafficking assays in cells transfected with the control or Rab6#1 siRNAs. Cells were incubated overnight at 39.5C, 2 hr at 19C, and
1 or 2 hr at 37C prior to fixation.
(B)Vesicle tracks inHeLacells stablyexpressingGFP-Rab6AorNPY-Venus transfectedwith the indicatedsiRNAs.Tracksweredefinedasunidirectional
movement episodes not interrupted by pauses (periods longer than two frames [1.14 s] when the vesicle moved with a velocity less than0.3 mm/s).
(C) Life-history plots of the vesicles traced from theGolgi in HeLa cells stably expressingGFP-Rab6A or NPY-Venus, transfectedwith the indicated siR-
NAs. Each plot shows representative histories of vesicles from at least three different cells. Position (0) corresponds to the initial position of the vesicle
near the Golgi.
(D andE)NPY-Venus- andRab6-vesicle number (per 100mm2 in fixedcells) andcharacterization of cell-edge-directed vesiclemovements in cells stably
expressing NPY-Venus or GFP-Rab6A, transfectedwith the indicated siRNAs. Velocity was computed as displacement between frames divided by the310 Developmental Cell 13, 305–314, August 2007 ª2007 Elsevier Inc.
Developmental Cell
Rab6 Marks Exocytotic Carrierspancreatic b-cells and is important for efficient exocytosis
(Inoue et al., 2006; Ohara-Imaizumi et al., 2005). Depletion
of ELKS by a previously characterized siRNA (Lansbergen
et al., 2006) caused a dramatic accumulation of Rab6
vesicles at the cell periphery (Figures 4A and 4B; Movie
S8). Most of these vesicles contained NPY-Venus, indicat-
ing that they were exocytotic carriers (Figure 4C). Vesicle
accumulation could be rescued by a GFP-fused ELKSa
or ELKS3 expression constructs bearing silent mutations
that made them resistant to the used siRNA (Figure 4D
and data not shown). ELKS deletion mutants lacking
either the C-terminal part of the Rab6-binding domain
(the last 171 amino acids of ELKS3, [Monier et al., 2002])
or the N-terminal 121 amino acids were unable to rescue
Rab6-vesicle accumulation in ELKS-depleted cells (Fig-
ure 4D and data not shown), indicating that the full-length
ELKSmolecule is needed to control Rab6-vesicle number.
Depletion of ELKS had no effect on the frequency of
vesicle appearance at the Golgi or on any parameters of
MT-based movement (Figures 4E–4H). However, the
duration of the pause between vesicle arrival to the cell
margin and the actual fusion was increased in ELKS
knockdown cells by a factor of three (Figure 4I). These
data indicate that ELKS knockdown impairs either dock-
ing and (or) fusion of Rab6 vesicles. In ELKS-depleted
cells, the GFP-Rab6A vesicles remained more motile in
the vicinity of the cell margin (the diffusion coefficient D
was significantly greater than that in control cells: D was
0.025 ± 0.008 mm2/s (mean ± SD) in ELKS knockdown
cells and 0.015 ± 0.004 mm2/s in control cells), suggesting
that ELKS may participate in vesicle docking.
The prolonged delay in vesicle docking/fusion induced
by ELKS depletion was not sufficient to block secretion
in HeLa cells (data not shown). However, the fact that
ELKS normally accelerates Rab6-vesicle docking/fusion
may cause preferential exocytosis at the ELKS-positive
sites. In HeLa cells, ELKS is present in peripheral cortical
clusters, where it colocalizes almost completely with its
binding partner LL5b (Lansbergen et al., 2006). We found
that the disappearance of individual GFP-Rab6A vesi-
cles indeed often correlated with their interaction with
the ELKS-LL5b patches visualized by mRFP-LL5b (Fig-
ure 4J; Movie S9). Similarly to GFP-Rab6A, NPY-Venus-
labeled vesicles also displayed delayed fusion after
ELKS knockdown (Figure 4I), and the majority (80%) of
exocytosis events at the ventral plasma membrane ob-
served by TIRFM occurred at the cell periphery directly
at or adjacent to ELKS-LL5b patches (Figure 4K). Interest-
ingly, although the depletion of Rab6 made the trafficking
of NPY-Venus vesicles more chaotic (Figures 3B and 3C),
it actually reduced the duration of the last pause preced-
ing fusion (Figure 4I). Moreover, in cells depleted for
both Rab6 and ELKS, NPY-Venus-containing vesicles
did not show peripheral accumulation, in contrast to
depletion of ELKS alone, and the duration of the pauseDevelopmbefore fusion was again shorter than that in control cells
(Figure 4I and data not shown). Exocytosis events in
Rab6-depleted cells were distributed randomly through-
out the cell and displayed much less colocalization with
ELKS-LL5b patches (Figure 4K). It appears therefore that
one of the functions of Rab6 on exocytotic vesicles is
to prevent their premature fusion so that they can be
targeted to ELKS-positive cortical sites.
Conclusions
Taken together, our data show that Rab6 is abundantly
present on exocytotic vesicles and is needed to regulate
their behavior. Our data do not preclude the involvement
of Rab6 GTPase in recycling from Golgi to ER; they do
indicate, however, that in contrast to previously published
studies, including our own (Matanis et al., 2002; Sannerud
et al., 2003; White et al., 1999), the major target for Rab6-
vesicle fusion is the plasma membrane and not the ER.
Our findings help to explain the recently discovered
exocytosis defects in Rab6 mutants during Drosophila
oogenesis (Coutelis and Ephrussi, 2007) as well as the
observations on the role of Rab6 in the trafficking of mem-
brane proteins such as rhodopsin (Deretic, 1998). In ad-
dition to its role at the Golgi, Rab6 regulates exocytosis
by enhancing processive kinesin-dependent motion of
secretory vesicles from the Golgi to MT plus ends. Fur-
thermore, Rab6 is required for targeting these vesicles
to the cortical ELKS-containing patches where MT plus
ends are attached (Lansbergen et al., 2006). Therefore,
although Rab6 is not essential for anterograde transport,
it plays an important role in the spatial organization of
constitutive exocytosis.
EXPERIMENTAL PROCEDURES
Cell Culture and Transfection of Plasmids and siRNAs
HeLa, COS-7, CHO, MDCK, MRC5, HEK293, and NRK cells were
grown as described previously (Lansbergen et al., 2006). PolyFect
(QIAGEN), Lipofectamine 2000 (Invitrogen), or FuGENE 6 (Roche)
were used for plasmid transfection. The stable HeLa clones were
selected with fluorescence activated cell sorting (FACS) and cultured
in the presence of 0.4 mg/ml G418 (Roche).
siRNAs were synthesized by Ambion; their target sequences can be
found in the Supplemental Data. Cells were transfected with 5 nM
siRNAs with HiPerFect (QIAGEN) and analyzed 3 days after transfec-
tion. For rescue experiments, cells were transfected with siRNAs,
transfected with the rescue plasmids 2 days later, and imaged after
an additional day in culture.
Expression Constructs
We used the following previously described expression vectors: GFP-
Rab6A (Matanis et al., 2002), VSVG3-SP-YFP (Toomre et al., 2000)
(a gift of Dr. K.Simons, MPI Molecular Cell Biology and Genetics,
Dresden, Germany), NPY-Venus (Nagai et al., 2002) (a gift of Dr. A.
Miyawaki, RIKEN, Wako City, Japan), GFP-ELKSa (Deguchi-Tawar-
ada et al., 2004), GFP-ELKS3, mRFP-LL5b, and BirA (Lansbergen
et al., 2006). BDNF-GFP was constructed from a BDNF-encoding rat
cDNA in pEGFP-N1 by a PCR-based strategy. For generatinginterval between frames. Tracks and pauses were defined as in (B). Pauses were divided into intermediate (preceded and followed by movement epi-
sodes) and terminal (followed by vesicle disappearance) (see also Figure S1). Error bars indicate SD. Values significantly different from control are in-
dicated by asterisks (***p < 0.001, **p < 0.01, *p < 0.05, n.s., p > 0.05, Mann-Whitney U test; see Supplemental Data for details).ental Cell 13, 305–314, August 2007 ª2007 Elsevier Inc. 311
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Rab6 Marks Exocytotic CarriersFigure 4. Effects of ELKS Depletion on the Behavior of Rab6 Vesicles
(A and C) The original HeLa cell line (A) or HeLa cells stably expressing NPY-Venus (C) were transfected with the control or ELKS siRNAs and stained
for Rab6. Peripheral accumulations of Rab6 vesicles are indicated by arrowheads.
(B) Number of endogenous Rab6 vesicles and NPY-Venus vesicles (per 100 mm2 in fixed cells) after transfection with the control or ELKS siRNAs.312 Developmental Cell 13, 305–314, August 2007 ª2007 Elsevier Inc.
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Rab6 Marks Exocytotic CarriersmStrawberry-Rab6A and PA-GFP-Rab6A, GFP in GFP-Rab6A was
substituted for mStrawberry (Shaner et al., 2004) (a gift of Dr. R.Tsien,
UCSD, La Jolla, USA) or PA-GFP (Patterson and Lippincott-Schwartz,
2002) (a gift from J. Lippincott-Schwartz, NIH, Bethesda, USA). NPY-
mRFP was constructed by substituting Venus for mRFP (a gift of
Dr. R.Tsien). We generated biotinylation and GFP-tagged BICD2 N-
terminus (Bio-GFP-BICD2-NT, BICD2 amino acids 1–575) from GFP-
BICD2-NT by cloning in front of the GFP a linker encoding the amino
acid sequence MASGLNDIFEAQKIEWHEGGG. KIF5A and KIF5B
with an N-terminal Myc tag were generated in the GW1 vector by
a PCR-based strategy with IMAGE clones 1630386/6195468 (KIF5A)
and 4422906/6165834 (KIF5B). GFP-ELKSa and 3 rescue constructs
were generated by conversion of the siRNA target region 50-AGTGGG
AAAACCCTTTCAATG-30 to 50-TCAGGAAAGACCTTAAGCATG-30 with
a PCR-based strategy. The GFP-ELKS3-DC was generated from the
full-length rescue construct by XbaI-NotI digestion and religation.
GFP-ELKSa construct that was missing the N-terminal 121 amino
acids was described previously (Inoue et al., 2006).
Antibodies, Immunofluorescent Staining, Immunoprecipitation,
Western Blotting, Fluorescence Microscopy,
and Image Analysis
We used rabbit polyclonal antibodies against GFP (Abcam), ELKS (De-
guchi-Tawarada et al., 2004), DHC, KIF5B (Santa Cruz), Myc tag (Cell
Signaling) and used mouse monoclonal antibodies against Rab6
(which recognizes Rab6A and Rab6A’, a gift of A. Barnekow, University
of Muenster, Germany), b-tubulin (Sigma), dynein intermediate chain
(Chemicon), Myc tag (Santa Cruz), and GFP (Roche). For secondary
antibodies, Alexa-350-, Alexa-488-, and Alexa-594-conjugated goat
antibodies against rabbit, rat, and mouse IgG were purchased from
Molecular Probes. Fresh medium was added to cells 1–2 hr before
fixation. For vesicle visualization, cells were fixed with 4% paraformal-
dehyde in PBS for 15 min at room temperature. For visualizing MTs,
a 15 min –20C methanol fixation was used. Staining procedures
were described previously (Matanis et al., 2002). Mitochondria were
visualized with MitoTracker Red CMXRos (Molecular Probes). Immu-
noprecipitation and western blotting was performed as described
previously (Lansbergen et al., 2006).
Images of fixed and live cells were acquired with fluorescent wide-
field and confocal microscopes. Details of the microscope setups
used and image processing are described in the Supplemental Data.
Identification of BICD2 Binding Partners by Mass Spectrometry
and Yeast Two-Hybrid Assay
Streptavidin pulldown assays were performed with lysates of HeLa
cells coexpressing bio-GFP-BICD2-NT together with BirA and BirA
alone as described previously (Lansbergen et al., 2006). Proteins
bound to streptavidin beads were separated on a 3%–8% NuPAGE
Tris-Acetate Gel (Invitrogen). Experimental details of mass spectrom-
etry and yeast two-hybrid analysis can be found in the Supplemental
Data.DeveloSupplemental Data
Supplemental Data include detailed Supplemental Experimental Pro-
cedures, seven figures, one table, and nine movies and are available
at http://www.developmentalcell.com/cgi/content/full/13/2/305/DC1/.
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